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1
INDUSTRIAL VEHICLES WITH POINT FIX
BASED LOCALIZATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to U.S. application Ser. No.
14/499,721.

BACKGROUND

The present specification generally relates to systems and
methods for providing point fix features of ceiling lights and,
more specifically, to systems and methods for providing point
fix features utilizing centerline features of ceiling lights.

In order to move items about an industrial environment,
workers often utilize industrial vehicles, including for
example, forklift trucks, hand and motor driven pallet trucks,
and/or other materials handling vehicles. The industrial
vehicles can be configured as an automated guided vehicle or
a manually guided vehicle that navigates through the envi-
ronment. In order to facilitate automated guidance, naviga-
tion, or both, the industrial vehicle may be adapted for local-
ization within the environment. That is the industrial vehicle
can be adapted with sensors and processors for determining
the location of the industrial vehicle within the environment
such as, for example, pose and position of the industrial
vehicle. The sensors can be configured to detect objects in the
environment and the localization can be dependent upon fea-
tures extracted from such detected objects.

SUMMARY

In one embodiment, an industrial vehicle can include a
camera and one or more processors. The camera can be com-
municatively coupled to the one or more processors. The
camera can be mounted to the industrial vehicle and focused
to a ceiling of a warehouse. The camera can capture an input
image of ceiling lights of the ceiling of the warehouse. The
one or more processors can execute machine readable instruc-
tions to provide a first edge line and a second edge line of the
ceiling lights of the input image. The machine readable
instructions executed by the one or more processors can pro-
vide a centerline of the ceiling lights of the input image. The
centerline can be disposed between the first edge line and the
second edge line of the ceiling lights. The machine readable
instructions executed by the one or more processors can
detect transversal edges from the ceiling lights of the input
image. The machine readable instructions executed by the
one or more processors can determine points of convergence
between the transversal edges and the first edge line and the
second edge line. The machine readable instructions executed
by the one or more processors can select a set of point fixes
from the points of convergence. The machine readable
instructions executed by the one or more processors can navi-
gate the industrial vehicle through the warehouse utilizing the
centerline and the set of point fixes.

In another embodiment, a method for navigating an indus-
trial vehicle can include capturing an input image of skylights
of'a ceiling of a warehouse. The input image can be captured
with a camera coupled to an industrial vehicle. A first edge
line and a second edge line can be extracted from the skylights
of'the input image. A centerline of the skylights can be deter-
mined from the first edge line and the second edge line of the
skylights. The centerline can be disposed between the first
edge line and the second edge line of the skylights. Transver-
sal edges can be detected from the skylights of the input
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image. Points of convergence can be determined between the
transversal edges and the first edge line and the second edge
line of the skylights. A set of point fixes can be selected from
the points of convergence. A pose of the industrial vehicle, a
position of the industrial vehicle, or both can be determined
based upon the centerline and the set of point fixes. The
industrial vehicle can be navigated through the warehouse
utilizing the pose, the position, or both.

In a further embodiment, a system can include an industrial
vehicle, a camera, and one or more processors. The camera
can be communicatively coupled to the one or more proces-
sors. The camera can be mounted to the industrial vehicle and
focused to a ceiling of a warehouse. The camera can capture
an input image of ceiling lights of the ceiling of the ware-
house. The one or more processors can execute machine
readable instructions to provide a first edge line and a second
edge line of the ceiling lights of the input image. The machine
readable instructions executed by the one or more processors
can provide a centerline of the ceiling lights of the input
image. The centerline can be disposed between the first edge
line and the second edge line of the ceiling lights. The
machine readable instructions executed by the one or more
processors can detect transversal edges from the ceiling lights
of the input image. The machine readable instructions
executed by the one or more processors can determine points
of convergence between the transversal edges and the first
edge line and the second edge line. The machine readable
instructions executed by the one or more processors can select
a set of point fixes from the points of convergence. The
machine readable instructions executed by the one or more
processors can navigate the industrial vehicle through the
warehouse utilizing the centerline and the set of point fixes.

According to any of the industrial vehicles, methods, or
systems described herein the one or more processors can
execute the machine readable instructions to set a region of
interest that is coincident with a usable portion of the ceiling
lights. The transversal edges can be detected from the usable
portion of the ceiling lights. Alternatively or additionally, the
region of interest can be a bounding box that is axis aligned
with the centerline. Alternatively or additionally, the first
edge line and the second edge line can be line segments
demarcated by end points. The region of interest can be
demarcated by one or more of the end points of the first edge
line and the second edge line. Alternatively or additionally,
the centerline can be demarcated by end points. The machine
readable instructions executed by the one or more processors
can project the end points of the centerline upon the first edge
line and the second edge line to create intersection points. The
region of interest can be demarcated by one or more of the
intersection points. Alternatively or additionally, the first
edge line and the second edge line can overlap to define an
overlapping portion. The region of interest can be demarcated
by the overlapping portion of the first edge line and the second
edge line. Alternatively or additionally, the first edge line and
the second edge line can converge at a vanishing point. The
first edge line and the second edge line can be line segments
demarcated by end points. The region of interest can be deter-
mined utilizing the vanishing point.

According to any of the industrial vehicles, methods, or
systems described herein the transversal edges can be
detected using a Hough transform.

According to any of the industrial vehicles, methods, or
systems described herein the one or more processors can
execute the machine readable instructions to determine an
average angle of the transversal edges. The machine readable
instructions executed by the one or more processors can
remove unusable edges from the transversal edges that are
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outside of a restricted range of angles on either side of the
average angle of the transversal edges. The usable edges of
the transversal edges can remain. The set of point fixes can be
selected from the usable edges of the transversal edges.

According to any of the industrial vehicles, methods, or
systems described herein the points of convergence can be
determined by extrapolating the transversal edges. Alterna-
tively or additionally, the points of convergence can be deter-
mined by extrapolating the first edge line, the second edge
line, or both. Alternatively or additionally, the set of point
fixes can be selected from the transversal edges having a
length ratio above threshold level. The length ratio can be
given by a ratio of a length of each of the transversal edges to
a length of a span between corresponding points of conver-
gence.

According to any of the industrial vehicles, methods, or
systems described herein the one or more processors execute
the machine readable instructions to label a point fix of the set
of point fixes as corresponding to a transition of dark-to-
bright or bright-to-dark in the input image.

According to any of the industrial vehicles, methods, or
systems described herein raw feature contours can be
extracted from skylights of the input image. A convex hull can
be determined from the skylights of the input image. The
convex hull an include hull line segments. A mask can be
generated from the hull line segments of the convex hull. A
selected portion can be selected from the raw feature con-
tours. The selected portion of the raw feature contours can be
coincident with the mask. The first edge line and the second
edge line can be extracted from the selected portion of the raw
feature contours.

According to any of the industrial vehicles, methods, or
systems described herein extracting the first edge line and the
second edge line from skylights of the input image can
include extracting line segments from the skylights of the
input image. The first edge line can be selected from the line
segments. The line segments can be weighted based at least in
part upon overlap with the first edge line. The second edge
line can be selected from the line segments based upon the
weighting of the line segments.

These and additional features provided by the embodi-
ments described herein will be more fully understood in view
of'the following detailed description, in conjunction with the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments set forth in the drawings are illustrative
and exemplary in nature and not intended to limit the subject
matter defined by the claims. The following detailed descrip-
tion of the illustrative embodiments can be understood when
read in conjunction with the following drawings, where like
structure is indicated with like reference numerals and in
which:

FIG. 1 depicts a vehicle for environmental based localiza-
tion according to one or more embodiments shown and
described herein;

FIG. 2 depicts a flowchart of an exemplary algorithm for
camera feature extraction/overhead lighting feature extrac-
tion for environmental based localization according to one or
more embodiments shown and described herein;

FIG. 3 schematically depicts an input image showing three
skylights according to one or more embodiments shown and
described herein;

FIG. 4 depicts a flowchart of an exemplary algorithm for
skylight extraction according to one or more embodiments
shown and described herein;
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FIG. 5 schematically depicts raw feature contours of the
three skylights of FIG. 3 according to one or more embodi-
ments shown and described herein;

FIG. 6 schematically depicts the raw features of FIG. 5
grouped into separate groups corresponding to each skylight
of FIG. 3 according to one or more embodiments shown and
described herein;

FIG. 7 schematically depicts line segments extracted from
the groups of raw features of FIG. 5 using a feature extraction
technique according to one or more embodiments shown and
described herein;

FIG. 8 schematically depicts selected line segments from
FIG. 7 converted to “infinite” lines according to one or more
embodiments shown and described herein;

FIGS. 9A and 9B schematically depict centerline features
overlaid upon the input image of FIG. 3 according to one or
more embodiments shown and described herein;

FIG. 10 schematically depicts an input image showing a
row of skylights according to one or more embodiments
shown and described herein;

FIGS. 11A and 11B schematically depict edge lines and
regions of interest overlaid upon the input image of FIG. 10
according to one or more embodiments shown and described
herein;

FIG. 12 depicts a flowchart of an exemplary algorithm for
extracting point fixes according to one or more embodiments
shown and described herein;

FIG. 13 schematically depicts edge lines of the input image
of FIG. 10 according to one or more embodiments shown and
described herein;

FIG. 14 schematically depicts an input image showing a
multiple rows of skylights according to one or more embodi-
ments shown and described herein;

FIGS. 15A and 15B schematically depict transversal edges
of the input image of FIG. 10 according to one or more
embodiments shown and described herein;

FIGS. 16 A and 16B schematically depict transversal edges
of the input image of FIG. 14 according to one or more
embodiments shown and described herein;

FIGS. 17A and 17B schematically depict usable and unus-
able edges of the transversal edges of FIGS. 15A and 15B
according to one or more embodiments shown and described
herein;

FIGS. 18 A and 18B schematically depict usable and unus-
able edges of the transversal edges of FIGS. 16A and 16B
according to one or more embodiments shown and described
herein; and

FIG. 19 schematically depicts point fixes overlaid upon the
input image of FIG. 10 according to one or more embodi-
ments shown and described herein.

DETAILED DESCRIPTION

The embodiments described herein generally relate to
Environmental Based Localization techniques (EBL) for
extracting features from overhead lighting including, but not
limited to, skylights. The EBL may be used to localize and/or
navigate an industrial vehicle through a building structure,
such as a warehouse. Suitably, the overhead lighting may be
mounted in or on a ceiling of a building. However, in some
embodiments the lighting may also or alternatively be sus-
pended from a ceiling or wall via suitable structure. In some
embodiments, a camera can be mounted to an industrial
vehicle (e.g., automated guided vehicle or a manually guided
vehicle) that navigates through a warehouse. The input image
can be any image captured from the camera prior to extracting
features from the image.
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Referring now to FIG. 1, a vehicle 100 can be configured to
navigate through a warehouse 110. The vehicle 100 can com-
prise an industrial vehicle for lifting and moving a payload
such as, for example, a forklift truck, a reach truck, a turret
truck, a walkie stacker truck, a tow tractor, a pallet truck, a
high/low, a stacker-truck, trailer loader, a sideloader, a fork
hoist, or the like. The industrial vehicle can be configured to
automatically or manually navigate a surface 122 of the ware-
house 110 along a desired path. Accordingly, the vehicle 100
can be directed forwards and backwards by rotation of one or
more wheels 124. Additionally, the vehicle 100 can be caused
to change direction by steering the one or more wheels 124.
Optionally, the vehicle can comprise operator controls 126
for controlling functions of the vehicle such as, but not limited
to, the speed of the wheels 124, the orientation of the wheels
124, or the like. The operator controls 126 can comprise
controls that are assigned to functions of the vehicle 100 such
as, for example, switches, buttons, levers, handles, pedals,
input/output device, or the like. It is noted that the term
“navigate” as used herein can mean controlling the movement
of a vehicle from one place to another.

The vehicle 100 can further comprise a camera 102 for
capturing overhead images. The camera 102 can be any
device capable of capturing the visual appearance of an object
and transforming the visual appearance into an image.
Accordingly, the camera 102 can comprise an image sensor
such as, for example, a charge coupled device, complemen-
tary metal-oxide-semiconductor sensor, or functional equiva-
lents thereof. In some embodiments, the vehicle 100 can be
located within the warehouse 110 and be configured to cap-
ture overhead images of the ceiling 112 of the warehouse 110.
In order to capture overhead images, the camera 102 can be
mounted to the vehicle 100 and focused to the ceiling 112. For
the purpose of defining and describing the present disclosure,
the term “image” as used herein can mean a representation of
the appearance of a detected object. The image can be pro-
vided in a variety of machine readable representations such
as, for example, JPEG, JPEG 2000, Exif, TIFF, raw image
formats, GIF, BMP, PNG, Netpbm format, WEBP, raster for-
mats, vector formats, or any other format suitable for captur-
ing overhead objects.

The ceiling 112 of the warehouse 110 can comprise over-
head lights such as, but not limited to, ceiling lights 114 for
providing illumination from the ceiling 112 or generally from
above a vehicle operating in the warehouse. The ceiling lights
114 can comprise substantially rectangular lights such as, for
example, skylights 116, fluorescent lights, or the like; and
may be mounted in or suspended from the ceiling or wall
structures so as to provide illumination from above. As used
herein, the term “skylight” can mean an aperture in a ceiling
or roof fitted with a substantially light transmissive medium
for admitting daylight, such as, for example, air, glass, plastic
or the like. While skylights can come in a variety of shapes
and sizes, the skylights described herein can include “stan-
dard” long, substantially rectangular skylights that may or
may not be split by girders or crossbars into a series of panels.
Alternatively, skylights can comprise smaller, discrete sky-
lights of rectangular or circular shape that are similar in size
to a bedroom window, i.e., about 30 inches by about 60 inches
(about 73 cm by about 146 cm). Alternatively or additionally,
the ceiling lights 114 can comprise substantially circular
lights such as, for example, round lights 118, merged lights
120, which can comprise a plurality of adjacent round lights
that appear to be a single object, or the like. Thus, overhead
lights or “ceiling lights” include sources of natural (e.g. sun-
light) and artificial (e.g. electrically powered) light.
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The embodiments described herein can comprise one or
more processors 104 communicatively coupled to the camera
102. The one or more processors 104 can execute machine
readable instructions to implement any of the methods or
functions described herein automatically. Memory 106 for
storing machine readable instructions can be communica-
tively coupled to the one or more processors 104, the camera
102, or any combination thereof. The one or more processors
104 can comprise a processor, an integrated circuit, a micro-
chip, a computer, or any other computing device capable of
executing machine readable instructions or that has been con-
figured to execute functions in a manner analogous to
machine readable instructions. The memory 106 can com-
prise RAM, ROM, a flash memory, a hard drive, or any
non-transitory device capable of storing machine readable
instructions.

The one or more processors 104 and the memory 106 may
be integral with the camera 102. Alternatively or additionally,
each of the one or more processors 104 and the memory 106
can be integral with the vehicle 100. Moreover, each of the
one or more processors 104 and the memory 106 can be
separated from the vehicle 100 and the camera 102. For
example, a server or a mobile computing device can comprise
the one or more processors 104, the memory 106, or both. It
is noted that the one or more processors 104, the memory 106,
and the camera 102 may be discrete components communi-
catively coupled with one another without departing from the
scope of the present disclosure. Accordingly, in some
embodiments, components of the one or more processors
104, components of the memory 106, and components of the
camera 102 can be physically separated from one another.
The phrase “communicatively coupled,” as used herein,
means that components are capable of exchanging data sig-
nals with one another such as, for example, electrical signals
via conductive medium, electromagnetic signals via air, opti-
cal signals via optical waveguides, or the like.

Thus, embodiments of the present disclosure may com-
prise logic or an algorithm written in any programming lan-
guage of any generation (e.g., 1GL, 2GL, 3GL, 4GL, or 5GL).
The logic or an algorithm can be written as machine language
that may be directly executed by the processor, or assembly
language, object-oriented programming (OOP), scripting
languages, microcode, etc., that may be compiled or
assembled into machine readable instructions and stored on a
machine readable medium. Alternatively or additionally, the
logic or algorithm may be written in a hardware description
language (HDL). Further, the logic or algorithm can be imple-
mented via either a field-programmable gate array (FPGA)
configuration or an application-specific integrated circuit
(ASIC), or their equivalents.

As is noted above, the vehicle 100 can comprise or be
communicatively coupled with the one or more processors
104. Accordingly, the one or more processors 104 can execute
machine readable instructions to operate or replace the func-
tion of the operator controls 126. The machine readable
instructions can be stored upon the memory 106. Accord-
ingly, in some embodiments, the vehicle 100 can be navigated
automatically by the one or more processors 104 executing
the machine readable instructions. In some embodiments, the
location of the vehicle can be monitored by the EBL as the
vehicle 100 is navigated.

For example, the vehicle 100 can automatically navigate
along the surface 122 of the warehouse 110 along a desired
path to a desired position based upon a localized position of
the vehicle 100. In some embodiments, the vehicle 100 can
determine the localized position of the vehicle 100 with
respect to the warehouse 110. The determination of the local-
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ized position of the vehicle 100 can be performed by com-
paring image data to map data. The map data can be stored
locally in the memory 106, which can be updated periodi-
cally, or map data provided by a server or the like. Given the
localized position and the desired position, a travel path can
be determined for the vehicle 100. Once the travel path is
known, the vehicle 100 can travel along the travel path to
navigate the surface 122 of the warehouse 110. Specifically,
the one or more processors 104 can execute machine readable
instructions to perform EBL functions and operate the vehicle
100. In one embodiment, the one or more processors 104 can
adjust the steering of the wheels 124 and control the throttle to
cause the vehicle 100 to navigate the surface 122.

Referring now to FIG. 2, a flow chart of a sequence of
functions for a full Camera Feature Extraction (CFE) algo-
rithm 10 is schematically depicted. It is noted that, while the
functions are enumerated and depicted as being performed in
a particular sequence in the depicted embodiment, the func-
tions can be performed in an alternative order without depart-
ing from the scope of the present disclosure. It is furthermore
noted that one or more of the functions can be omitted without
departing from the scope of the embodiments described
herein.

Referring collectively to FIGS. 1-3, the CFE algorithm 10
can comprise a preprocess function 20 for processing the
input image 200 of the ceiling 204 prior to executing further
functions on the input image 200. The input image 200 is
depicted as having captured a frame that includes skylights
202 corresponding to the skylights 116 of a warehouse 110. In
some embodiments, the preprocess function 20 can comprise
functions for the removal of lens distortion effects from the
input image 200. Alternatively or additionally, the input
image 200 can be captured by deliberately underexposing the
input image 200 in order to highlight the ceiling lights 114,
which can include skylights 116. It has been discovered that
low exposure can aid in reducing reflections and other spuri-
ous artifacts, which can make the feature extraction process-
ing more complicated and less reliable.

The CFE algorithm 10 can further comprise a feature
extraction function 22 for extracting features from the input
image 200 of the ceiling 204. The feature extraction function
22 can utilize one or more feature detection algorithms such
as, for example, maximally stable extremal regions (MSER)
algorithm, a thresholding step combined with Otsu’s method
to extract raw features (i.e. lights) from the image, or equiva-
lent algorithms. Specifically, the extracted features from the
inputimages 200 can be utilized by the localization process to
determine the positions of ceiling lights 114 that are captured
by the camera 102. For example, centroids can be extracted
from round lighting features such as substantially circular
shaped lights. Additionally, for smaller skylights the full
extent of the smaller skylight can be captured within a single
image frame. Accordingly, a centroid extraction function can
be applied, as per substantially circular lights.

The CFE algorithm 10 can further comprise a feature clas-
sification function 24 for classifying the raw features 206
extracted from the input image 200 of the ceiling 204, by the
feature extraction function 22, into multiple classifications.
The feature classification function 24 can separate the raw
features 206 into different classes in preparation for more
specific processing. For example, merged lights can be dif-
ferentiated from round lights by looking for objects with a
longer major axis to minor axis ratio. Skylight panels can be
differentiated from round lights based on size and circularity.
Specifically, round lights generally form smaller and rounder
blobs in the image than skylight panels. Sometimes smaller
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sections of skylights can appear broken up in an image in such
a way that can lead to misclassification.

In the depicted embodiment, the raw features 206 can be
classified into one of the following four classes: standard
lights class (round lights), merged lights class, skylights class
and noise class. The noise class label can be used to denote
unwanted “false” features such as reflections. The raw fea-
tures 206 classified as belonging to the noise class can be
discarded after being classified by the feature classification
function 24, i.e., not utilized by subsequent functions. Each of
the other three classes can undergo separate processing to
extract the desired feature information. As is explained in
greater detail below, a point feature can be extracted from the
raw features 206 of the standard lights class and the merged
lights class, a line feature can be extracted from the skylights
class, and, additionally or alternatively, a set of point fixes can
be extracted from the skylights class. Each of the extracted
features can be published to the EBL.

Specifically, the process round lights function 26 can find
centroids of the raw features 206 of the standard lights class.
Alternatively or additionally, the process merged lights func-
tion 28 can split a pair of lights that appear as merged in the
input image 200 and find two centroids. The process skylights
function 30 can take all extracted components belonging to
the skylights class, group into skylights and find centerlines,
as is explained in greater detail below. The filter features by
region of interest function 50 can remove features outside of
a defined region of interest. Accordingly, any remaining fea-
tures, such as reflections from a truck mast, can be removed.
The convert coordinate frames function 52 can convert fea-
ture coordinates from an image processing frame (e.g., origin
in top-left corner) to EBL frame (e.g., origin in center of
image) before the features reported 54 are published to the
EBL.

Referring collectively to FIGS. 3-5, a flow chart of a
sequence of functions for the process skylights function 30 is
schematically depicted. It is noted that, while the functions
are enumerated and performed in a particular sequence in the
depicted embodiment, the functions can be performed in an
alternative order without departing from the scope of the
present disclosure. Specifically, in some embodiments, it may
be desirable to switch the order of the feature extraction
function 34 and the filtering function 36. It is furthermore
noted that one or more of the functions can be omitted without
departing from the scope of the embodiments described
herein. Input to the process skylights function 30 can be raw
feature contours 208, which can comprise the raw features
206 of the input image 200 that were classified as belonging
to the skylights class. Output from the process skylights func-
tion 30 can be a set of centerline 226 features. In some
embodiments, the centerlines 226 can be defined as coordi-
nates in Hough space (i.e., polar coordinates). It is preferred
to have one centerline 226 reported for every unique instance
of a skylight 202 captured in the input image 200.

Referring collectively to FIGS. 4 and 6, the process sky-
lights function 30 can comprise a grouping function 32 for
associating the raw feature contours 208 with a skylight 202.
The grouping function can comprise any algorithm capable of
repeatable association with raw feature contours 208 with its
skylight 202. In one embodiment, a distance threshold can be
utilized to group together the raw feature contours 208 based
upon relative proximity. As a raw feature contour 208 may be
a complicated shape, oriented minimum bounding rectangles
of'the raw feature contours 208 can be calculated first for each
contour and inter-feature distances for grouping can be cal-
culated from the minimum bounding rectangles.
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Accordingly, the raw feature contours 208 can be grouped
to separate the raw feature contours 208 based upon their
associated skylight. Applicants have discovered that variation
due to natural illumination can cause inconsistency in the
images, i.e., panels may not break up in a consistent manner.
Accordingly, the centerlines 226 can be determined based
upon “complete” skylights, as represented by the raw feature
contours 208 that are grouped, and not features for each
individual panel. In some embodiments, the raw feature con-
tours 208 can be grouped into feature groups 210 of one group
per skylight 202. Specifically, since the input image 200 (FIG.
3) comprises three skylights 202, the raw feature contours can
be grouped into three of the feature groups 210 that have been
located by the grouping function 32.

Referring collectively to FIGS. 4 and 7, the process sky-
lights function 30 can comprise a feature extraction function
34 for extracting line segments 212 from the raw feature
contours 208. The line segments 212 can be associated with
each of the feature groups 210 of raw feature contours 208. In
some embodiments, feature extraction function 34 can com-
prise a feature extraction algorithm that can transform each of
the feature groups 210 of raw feature contours 208 separately,
i.e., one group at a time, into line segments 212 associated
with the feature group 210 that the line segments 212 are
extracted from. In some embodiments, a Hough transform
can be performed on each of the feature groups 210 of raw
feature contours 208 separately to identify the line segments
212 associated with each skylight 202. Each of the line seg-
ments 212 can be represented by two end points. When the
line segments 212 are returned from the Hough transform, the
line segments 212 can be ranked in order of strength, i.e., the
more pixels in a line or the longer the line, the higher the line
will be ranked in the Hough transform. It has been discovered
that, due to the effects of perspective distortion and occlu-
sions, the higher ranked of the line segments 212 may not
correspond to the “correct” edge lines. For example, the
higher ranked of the line segments 212 may be the perpen-
dicular intersecting lines 218 arising from the girders
between panels. In order to increase the likelihood of extract-
ing the correct centerlines, a filtering function 36 can be
utilized to filter out some of the non-desirable lines that were
returned from the transform.

Referring collectively to FIGS. 4, 6 and 8, the process
skylights function 30 can comprise a filtering function 36 for
selecting a preferred set of lines 214 from the line segments
212 of the feature groups 210. For example, after determining
the feature groups 210 of line segments 212, the preferred set
of lines 214 can be selected using a computational geometry
algorithm such as, for example, algorithms for solving static
problems or the like. In one embodiment, a convex hull algo-
rithm can be utilized to select the preferred set of lines 214. It
has been discovered that the use of convex hull algorithms in
combination with Hough transforms can significantly
improve the ability of the CFE algorithm 10 (FIG. 2) to isolate
the “correct” edge lines for use in determining centerline
features. Accordingly, the accuracy of centerline determina-
tion and any localization using centerline features can be
improved.

In some embodiments, the convex hull 220 of the feature
groups 210 of raw feature contours 208 (e.g., a skylight group
of'end points, or the like) can be found. The convex hull 220
can be a convex set that contains the raw feature contours 208
such as, for example, the global minimum convex set or local
minimum convex set as determined by a convex hull algo-
rithm. The convex hull 220 of the feature groups 210 of raw
feature contours 208 can comprise an ordered list of points,
which can be referred to as the convex hull points A, B, C, D.
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In some embodiments, the convex hull points can be iterated
through to determine hull line segments 228 that make up the
convex hull 220, i.e., hull point A and hull point B can make
a hull line segment 228, hull point B and hull point C can
make a line segment, hull point C and hull point D can make
a hull line segment 228, hull point D and hull point A can
make a hull line segment 228, and so on. The hull line seg-
ments 228 can be converted into Hough space (i.e., polar)
coordinates.

Reference is now made to FIGS. 6 through 8 collectively.
The hull line segments 228 of the convex hull 220 can be
compared (preferably in Hough space) with line segments
212 associated with the feature group 210 of raw feature
contours 208. Any of the line segments 212 from the feature
group 210 that are not within a certain threshold of similarity
to a hull line segment 228 of the convex hull 220 in Hough
space coordinates can be discarded to leave a preferred set of
lines. It is noted that the majority of the diagonal lines 230 and
perpendicular intersecting lines 218 of the feature groups 210
have been removed. Alternatively or additionally, the line
segments 212, which can be represented by two end points,
can be converted to “infinite” lines, i.e., lines represented in
Hough space by coordinates p and 6 without defined end
points.

Referring collectively to FIGS. 4, 5 and 8, in some embodi-
ments, the feature extraction function 34 and the filtering
function 36 of the process skylights function 30 can be
reversed as indicated by the arrow in FI1G. 4. Accordingly, the
convex-hull based filtering described with respect to filtering
function 36 can be performed prior to extracting lines from
the raw feature contours 208. The hull line segments 228 can
be utilized to select raw feature contours 208 for use by the
feature extraction function 34. For example, the hull line
segments 228 of the convex hull 220 can be transformed by a
morphological operation such as, but not limited to, a dilation
operation, to create a mask 320 (depicted as a dashed region
in FIG. 5). The portion of the raw feature contours 208 that are
coincident with the mask 320 can be selected as input to the
feature extraction function 34. The line segments 212 can be
extracted from the selected portion of the raw feature con-
tours 208 such as, for example, via a Hough transform. Addi-
tionally, the first edge line 222 and the second edge line 224
can be selected from the line segments 212 extracted from the
selected portion of the raw feature contours 208. Thus, the
reverse order of the feature extraction function 34 and the
filtering function 36 can yield the same results as the original
order by limiting the number of “non-desirable” lines
returned by the feature extraction function 34. Moreover, an
overall improvement to computational efficiency of the pro-
cess skylights function 30 can be achieved when applying the
feature extraction function 34 to a reduced quantity of pixels
compared to the full quantity of pixels of the raw feature
contours 208.

Referring collectively to FIGS. 2, 4, and 7, it is noted that
in some embodiments, the filtering function 36 may be unnec-
essary. For example, when the distance from the camera 102
to the ceiling 112 is sufficiently large, it has been discovered
by the applicants that the input image 200 may have reduced
perspective distortion. Consequently, the perpendicular inter-
secting lines 218 from the girders between panels may not be
detected by the feature extraction function 34 because the
perpendicular intersecting lines 218 may appear much shorter
than the long “correct” edges in the input image 200.

Referring collectively to FIGS. 2, 4, and 7-9B, the process
skylights function 30 can comprise a centerline calculating
function 38 for selecting two edge lines from each feature
group 210 corresponding to a skylight 202 and calculating a



US 9,174,830 B1

11

centerline 226 from the selected edge lines. Specifically, a
first edge line 222 and a second edge line 224 can be selected
and utilized to derive the centerline 226 for each skylight 202.
After the preferred set of lines 214 has been selected, the
highest ranked of the line segments 212 remaining in the
preferred set of lines 214 can be selected as the first edge line
222. As the Hough space coordinates of the first edge line 222
can be known, the preferred set of lines 214 can be searched
from high rank to low rank to find a second edge line 224 from
the line segments 212 with similar enough angle 6 to the first
edge line 222. Since, in some embodiments, the filtering
function 36 may be unnecessary, the first edge line 222 and
the second edge line 224 can be selected, as described above,
directly from the feature group 210 of line segments 212.

In some embodiments, a distance threshold can be utilized
to ensure that the second edge line 224 is selected away from
the first edge line 222 in Hough space, i.e., to avoid selecting
a similar line derived from a duplicate feature. Specifically,
applicants have discovered that multiple similar lines can be
returned from the Hough transform on a single edge. Accord-
ingly, the highest ranked of the line segments 212 that meets
the similarity criteria can be chosen as the second edge line
224.

The centerline 226 can be calculated based upon the first
edge line 222 and the second edge line 224. For the sake of
clarity, it is noted that each of the first edge line 222 and the
second edge line 224 can be provided as a line segment
(FIGS. 7 and 9B) or as an infinite line (FIGS. 8 and 9A). When
the centerline 226 is provided as an infinite line, the centerline
226 can be located by finding a vanishing point 216 where the
first edge line 222 and the second edge line 224 converge. A
line of bisection can be calculated using the Hough space
coordinates of the vanishing point 216, the first edge line 222
and the second edge line 224. The line of bisection can be
utilized as the centerline 226. The centerlines 226, which are
depicted as being overlaid upon the input image 200 in FIG.
9A, can be reported to EBL.

Referring to FIG. 9B, when provided as a line segment, the
first edge line 222 can be demarcated by a first end point 232
and a second end point 233. Similarly, the second edge line
224 can be a line segment demarcated by a first end point 234
and a second end point 235. In some embodiments, the first
end point 232 and the second end point 233 of the first edge
line 222 and the first end point 234 and the second end point
235 of the second edge line 224 can be utilized to determine
the centerline 226. For example, the first end point 232 and the
second end point 233 of the first edge line 222 can be asso-
ciated with the first end point 234 and the second end point
235 of'the second edge line 224 by their respective proximity.
The first end point 232 of the first edge line 222 can be paired
with the first end point 234 of the second edge line 224, which
is nearer to the first end point 232 of the first edge line 222
than the second end point 235 of the second edge line 224.
Similarly, the second end point 233 of the first edge line 222
can be paired with the second end point 235 of the second
edge line 224, which is nearer to the second end point 233 of
the first edge line 222 than the first end point 234 of the second
edge line 224. Alternatively or additionally, the end points of
the first edge line 222 and the second edge line 224 can be
paired based upon proximity to the vanishing point 216 (FIG.
8). Specifically, the nearest endpoints to the vanishing point
216 can be paired and the furthest end points from the van-
ishing point 216 can be paired. Accordingly, the first end point
232 of the first edge line 222 can be paired with the first end
point 234 of the second edge line 224 and the second end
point 233 of the first edge line 222 can be paired with the
second end point 235 of the second edge line 224.
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The centerline 226 can be determined from the paired end
points. Specifically, the centerline 226 can be a line segment
demarcated by a first end point 236 and a second end point
237. The first end point 236 of the centerline 226 can be
determined from the first end point 232 of the first edge line
222 and the first end point 234 of the second edge line 224,
which as noted above can be paired. The second end point 237
of the centerline 226 can be determined from the second end
point 233 of the first edge line 222 and the second end point
235 of the second edge line 224, which can also be paired. In
some embodiments, the first end point 236 and the second end
point 237 of the centerline 226 can be determined by averag-
ing each of'the respective pairs of end points of the first edge
line 222 and the second edge line 224.

Referring collectively to FIGS. 8-9B, the centerline 226,
the first edge line 222, the second edge line 224, the corre-
sponding Hough coordinates (for infinite lines), the corre-
sponding end points (for line segments), or combinations
thereof of each of the feature groups can be associated with
one of the skylights, and the EBL can be utilized to provide
features for navigation of the vehicle or can be presented by a
display communicatively coupled to the EBL. It is noted that
there are a number of parameters (e.g. thresholds) that can be
configured for each function of the CFE algorithm according
to the particular site that is being navigated by the vehicle.
Accordingly, the embodiments described herein can further
include a calibration stage for determining the precise values
for the parameters.

Referring collectively to FIGS. 2,10 and 11, as is described
in detail above, an input image 240 of a ceiling 242 with
skylights 244 can be provided. It is noted that the skylights
244 are represented in FIGS. 10 and 11 as borders of detected
raw skylight features for clarity. The input image 240 can be
analyzed to determine a first edge line 246, a second edge line
248, and a centerline 250 of the skylights 244. For example,
the CFE algorithm 10 can be utilized to extract the first edge
line 246, the second edge line 248, the centerline 250, and
associated end points from the input image 240. As is noted
above, the centerline 250 can be utilized as a feature for
localization and navigation, i.e., the centerline 250 can be
compared to a corresponding mapped object and utilized by
the EBL for vehicle navigational purposes.

Referring collectively to FIGS. 1,10 and 11A, the embodi-
ments described herein may be utilized in environments with
various types and amounts of ceiling lights 114. For example,
the ceiling 112 of the warehouse 110 can have an insufficient
number of round lights 118 or merged lights 120 for use as
features for navigation. For example, the input image 240
may not include any round lights 118 or merged lights 120. It
has been discovered that the EBL. may have decreased accu-
racy when provided with a feature set missing complemen-
tary point features extracted from round lights 118 or merged
lights 120. That is, the centerline 250 extracted from the
skylights 244 may not fully constrain the localization of the
vehicle 100 and lead to inaccurate solutions. For example, the
EBL may be unable to accurately determine how far along the
centerline 250 the vehicle 100 is positioned.

Referring collectively to FIGS. 1 and 4, the skylights 116
can span a section of the ceiling 112 and be arranged substan-
tially along a row 128. In some embodiments, the process
skylights function 30 can be modified such that in addition to
extracting centerline features from the skylights 116 as an
EBL feature, the process skylights function 30 can further
comprise a point fix function 40 for extracting point fix fea-
tures. For example, point fix features can be extracted from
the corners 130 of the skylights 116. The point fix features can
enable the EBL to perform accurately for skylight-heavy,
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round-light sparse sites. Accordingly, instead of directly
reporting the centerline features to the EBL following deter-
mination, the process skylights function 30 can extract point
fix features using the centerline and edge line features as
input.

Referring now to FIG. 12, a flow chart of a sequence of
functions for the point fix function 40 is schematically
depicted. It is noted that, while the functions are enumerated
and performed in a particular sequence in the depicted
embodiment, the functions can be performed in an alternative
order without departing from the scope of the present disclo-
sure. Specifically, in some embodiments, it may be desirable
to switch the order of the angle filtering function 306 and the
length filtering function 310. In some embodiments, the angle
filtering function 306 can be performed prior to the intersec-
tion function 308. It is furthermore noted that one or more of
the functions can be omitted without departing from the scope
of the embodiments described herein. Specifically, the angle
filtering function 306, the length filtering function 310, or
both the angle filtering function 306 and the length filtering
function 310 can be omitted. Furthermore, it is noted that the
region of interest function 302 can be omitted without depart-
ing from the scope of the embodiments described herein.
Alternatively or additionally, the point fix function 40 can be
performed independent of the CFE algorithm 10 and the
process skylights function 30. For example, input for the
point fix function 40, which is described in greater detail
herein, can be provided via equivalent processes that are
performed at a different time, via a different processor as the
point fix function 40, or both.

Referring collectively to FIGS. 4, 11A and 12, at step 300
the point fix function 40 can receive input features such as, for
example, the first edge line 246, the second edge line 224, the
centerline 250 of the skylights 244, or combinations thereof.
As is noted above, each of the first edge line 246, the second
edge line 224, the centerline 250 can be provided as line
segments. Accordingly, the first edge line 246 can be demar-
cated by a first end point 260 and a second end point 262. The
second edge line 224 can be demarcated by a first end point
264 and a second end point 266. The centerline 250 can be
demarcated by a first end point 282 and a second end point
284. In some embodiments, the first edge line 246, the second
edge line 224, the centerline 250, and corresponding end
points can be provided by the process skylights function 30
after the centerline calculating function 38 is performed.
Alternatively or additionally, the first edge line 246, the sec-
ond edge line 224, the centerline 250, and corresponding end
points can be provided via a separate process and provided as
direct input.

Referring collectively to FIGS. 4, 12 and 13, each of the
first edge line 246, the second edge line 224, and the center-
line 250 can be provided as line segments. In some embodi-
ments, the first edge line 246, the second edge line 224, the
centerline 250, and the vanishing point 252 of the skylights
244 can be provided by the process skylights function 30 after
the centerline calculating function 38 is performed. Alterna-
tively or additionally, the first edge line 246, the second edge
line 224, the centerline 250, and the vanishing point 252 of the
skylights 244 can be provided via a separate process and
provided as direct input.

The first edge line 246 and the second edge line 248 are
depicted in FIG. 13 as being overlaid upon the skylights 244.
The first edge line 246 and the second edge line 224 can be
longitudinal edge line segments that extend longitudinally
along the skylights 244. When extrapolated beyond the
depicted longitudinal segments, the first edge line 246 and the
second edge line 224 can converge at a vanishing point 252,
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which is located off of the input image 240 of FIG. 10.
Specifically, the first edge line 246 can be extended by a first
extrapolating ray 254 that is aligned with the first edge line
246. The second edge line 248 can be extended by a second
extrapolating ray 256 that is aligned with the second edge line
248. Each of the first extrapolating ray 254 and the second
extrapolating ray 256 can be extended to at least the vanishing
point 252 to represent the convergence of the first edge line
246 and the second edge line 224.

The centerline 250 of the skylights 244 can be disposed
between the first edge line 246 and the second edge line 248.
In some embodiments, the centerline 250 can be represented
as a continuous line that originates at the vanishing point 252
of the first edge line 246 and the second edge line 248 at an
angle that bisects the first edge line 246 and the second edge
line 248. Specifically, the first edge line 246 and the second
edge line 224 can be oriented with respect to one another at an
angle ¢. Accordingly, the angle of the centerline 250 can be
abouthalf of the angle ¢ measured from the first edge line 246
or the second edge line 248. It is noted that the first extrapo-
lating ray 254 and the second extrapolating ray 256 are pro-
vided herein primarily for clarifying the location of the van-
ishing point 252. Accordingly, it should be understood that
the embodiments described need not make use of such rays
for determining the vanishing point 252. Indeed, it may be
preferred to determine the location of the vanishing point 252
directly from the first edge line 246 and the second edge line
248.

Referring collectively to FIGS. 11A-12, the point fix func-
tion 40 can comprise a region of interest function 302 for
selecting a usable portion of the skylights 244 for determining
point fix features. The region of interest function 302 can be
utilized to increase the accuracy and efficiency of the point fix
function 40. For example, it has been discovered that in sites
with relatively high ceiling heights and long rows of lights the
extracted centerlines may not fit to the center of the light
across the whole image. Such errors may be caused by image
distortion due to the camera lens, poor selection of edge
segments to calculate the extracted centerline, or both. It has
furthermore been discovered that the accuracy of the point fix
function 40 can be increased by restricting the area of the
skylights 244 with the region of interest function 302.

Generally, the region of interest 258 can be set to be coin-
cident with a usable portion of the skylights 244, i.e., the area
bounded by the region of interest 258 includes a subset of the
skylights 244. In some embodiments, the region of interest
258 can be determined using the centerline 250 as a reference.
Specifically, the centerline 250 can be utilized as an axial
datum for the determination of the region of interest 258. For
example, the region of interest 258 can be generated by a
bounding box that is axis aligned with the centerline 250 and
demarcated by the end points of the first edge line 246 and the
second edge line 248 that bound the largest region. Accord-
ingly, the region of interest 258 can be demarcated by the
second end point 262 of the first edge line 246 and the firstend
point 264 of the second edge line 248, such that opposing
corners of the region of interest 258 are set to the second end
point 262 of the first edge line 246 and the first end point 264
of'the second edge line 248.

Alternatively or additionally, a region of interest 259 that is
more restrictive than the region of interest 258 can be deter-
mined using the centerline 250 as a reference. Specifically,
the first end point 282 and the second end point 284 of the
centerline 250 can be projected upon the first edge line 246
and the second edge line 248 to create intersection points 286.
Optionally, the first edge line 246 and the second edge line
248 can be extrapolated to determine the intersection points
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286. Accordingly, the region of interest 259 can be demar-
cated by one or more of the intersection points 286. Specifi-
cally, opposing corners of the region of interest 259 can be set
to any two of the intersection points 286 such as, but not
limited to, the intersection points 286 that result in the largest
area, the intersection points 286 that result in the smallest
area, or the intersection points 286 that result in each of the
intersection points 286 being coincident with the region of
interest 259.

Referring collectively to FIGS. 11B and 13, the region of
interest 258 can be determined using the vanishing point 252,
the first edge line 246, and the second edge line 248. For
example, the region of interest 258 can be determined by
calculating the distance between endpoints of the first edge
line 246 and the second edge line 248 with respect to the
vanishing point 252. Specifically, the first end point 260 of the
first edge line 246 can be closer to the vanishing point 252
than the second end point 262 of the first edge line 246. The
first end point 264 of the second edge line 248 can be closer to
the vanishing point 252 than the second end point 266 of the
second edge line 248.

In some embodiments, the region of interest 258 can be set
between end points of the first edge line 246, and the second
edge line 248 that are the maximum distance from the van-
ishing point 252 and minimum distance from the vanishing
point 252. Specifically, as depicted in FIG. 13, the second end
point 262 of the first edge line 246 can be the end point of the
first edge line 246 and the second edge line 248 that is the
maximum distance from the vanishing point 252. The first
end point 264 of the second edge line 248 can be the end point
of'the first edge line 246 and the second edge line 248 that is
the maximum distance from the vanishing point 252. Accord-
ingly, the region of interest 258 can be demarcated by the
second end point 262 ofthe first edge line 246 and the firstend
point 264 ofthe second edge line 248. For example, the region
of'interest 258 can bound a substantially rectangular area that
is coincident with the skylights 244, such that opposing cor-
ners of the region of interest 258 are set to the second end
point 262 of the first edge line 246 and the first end point 264
of the second edge line 248.

Referring again to FIGS. 11A, 11B and 13, a region of
interest 268 can be demarcated by an overlapping portion of
the first edge line 246 and the second edge line 248. Gener-
ally, the region of interest 268 is the most restrictive region of
interest described herein. The overlapping portion can be
defined by the end points of the first edge line 246 and the
second edge line 248. In some embodiments, the region of
interest 268 can be defined by an axis aligned bounding box
that is demarcated by the end points of the first edge line 246
and the second edge line 248 that result in the smallest area.
Accordingly, the region of interest 268 can be include the
overlapping portion demarcated by the first end point 260 of
the first edge line 246 and the second end point 266 of the
second edge line 248.

Alternatively or additionally, the region of interest 268 can
be determined utilizing the vanishing point 252. Specifically,
each of the first edge line 246 and the second edge line 248 can
each have a proximal end point nearest the vanishing point
252, depicted in FIG. 13 as the first end point 260 and the first
end point 264. Each of the first edge line 246 and the second
edge line 248 can have a distal end point furthest from the
vanishing point 252, depicted in FIG. 13 as the first end point
260 and the first end point 264. The region of interest 268 can
be demarcated by the proximal end point furthest from the
vanishing point 252 and the distal end point nearest the van-
ishing point 252. Specifically, as depicted in FIG. 13, the first
end point 260 of the first edge line 246 can be selected as the
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proximal end point furthest from the vanishing point 252. The
second end point 266 of the second edge line 248 can be
selected as the distal end point nearest the vanishing point
252.

Selecting the region of interest 268 to include overlapping
portions can further increase the accuracy of the point fix
function. Indeed, it may be desirable to alter the centerline
calculating function 38 (FIG. 4) to increase the likelihood of
edge line segment pairs having large amounts of overlap.
Specifically, the edge pairing of the centerline calculating
function 38 can select the line segment with the most votes as
the primary edge and the second edge can be selected by
searching for the highest voted line with similar angle and
suitable distance from the primary edge. As there can be
several suitable second edge candidates, which meet the
angle and distance requirements, the suitable second edge
candidates can be weighted according to amount of overlap
with the primary line. Accordingly, the second edge candi-
dates can receive additional votes based upon amount of
overlap with the primary edge.

Referring collectively to FIGS. 12 and 14, in some embodi-
ments, a first edge line 346 and a second edge line 348 of
skylights 344 of a ceiling 342 may not overlap with respect to
the centerline 350. Specifically, using the centerline 350 as an
axial datum, a projection normal to the centerline 350 does
not intersect both the first edge line 346 and the second edge
line 348 of the skylights 344. Upon determining that no
overlap exists, the point fix function 40 can terminate and
report that there are no point fixes. Alternatively, the region of
interest function 302 can utilize a less restrictive region of
interest for selecting a usable portion of the skylights 344 for
determining point fix features. In some embodiments, the less
restrictive region of interest can be determined using the
centerline 350, a first end point 352 of the centerline 350, a
second end point 354 of the centerline 350, or combinations
thereof, as is described herein above.

Alternatively or additionally, it may be desirable to select a
region of interest 368 that is coincident with the full extent of
the first edge line 346 and the second edge line 348 of the
skylights 344. The first edge line 346 can be demarcated by a
first end point 360 and a second end point 362, and the second
edge line 348 can be demarcated by a first end point 364 and
a second end point 366. Accordingly, the region of interest
358 can be set such that the first end point 360 and the second
end point 362 of'the first edge line 346 as well as the first end
point 364 and the second end point 366 of the second edge
line 348 are bounded by the region of interest 368.

Referring collectively to FIGS. 12, 11B, 15A and 15B, the
point fix function 40 can comprise a transversal line extrac-
tion function 304 for extracting transversal edges 270 from
the skylights 244. The transversal line extraction function 304
can comprise the feature extraction algorithm, described
herein above, such as, but not limited to, the Hough Trans-
form. The transversal line extraction function 304 can be
configured to extract line segments from the skylights 244
that have a vertical component with respect to the centerline
250. That is the extracted line segments can be characterized
by a vector having a component that is substantially orthogo-
nal to the centerline 250. For example, the Hough transform
can be applied with appropriate parameters to detect trans-
versal edges 270 of the skylights 244.

In some embodiments, the transversal edges 270 that are
coincident with the region of interest 258 can be preferred.
For example, the transversal line extraction function 304 may
only extract lines from the portion of the skylights 244 that are
within the region of interest 258. Alternatively or addition-
ally, the transversal line extraction function 304 may operate
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on skylights 244 outside of the region of interest 258 and filter
the extracted lines to obtain only transversal edges 270 that
are coincident with the region of interest 258. Accordingly,
the transversal edges 270 of the portion of the skylights 244
that are coincident with the region of interest 258 can be
detected by the transversal line extraction function 304. It is
noted that, for clarity, the transversal edges 270 are depicted
as being overlaid upon the skylights 244 in FIG. 15A and the
transversal edges 270 are depicted in isolation in FIG. 15B.

Referring collectively to FIGS. 12, 14, 16 A and 16B, the
transversal edges 370 of the portion of the skylights 344 that
are coincident with the region of interest 368 can be detected
by the transversal line extraction function 304, as described
above. Itis noted that, for clarity, the transversal edges 370 are
depicted as being overlaid upon the skylights 344 in FIG. 16 A
and the transversal edges 370 are depicted in isolation in FIG.
16B.

Referring collectively to FIGS. 12, 17A and 17B, the point
fix function 40 can comprise the angle filtering function 306
for classifying the transversal edges 270 as usable edges 272
and unusable edges 274. Specifically, it is noted that, while
the transversal line extraction function 304 can be configured
to primarily detect transversal edges 270 within a range
approximately perpendicular to the angle of the centerline
250, some incorrect or undesirable lines may be detected.
Accordingly, it may be desired to remove unusable edges 274
from the transversal edges 270. The unusable edges 274 can
be the transversal edges 270 having an angle with respect to
the centerline 250 that is outside of arestricted range of angles
on either side of the average angle of all of the transversal
edges 270. Alternatively or additionally, the usable edges 272
can be the transversal edges 270 having an angle with respect
to the centerline 250 that is within the restricted range of
angles on either side of the average angle of all of the trans-
versal edges 270 with respect to the centerline 250. It is noted
that, for clarity, the transversal edges 270 are depicted as
being overlaid upon the skylights 244 in FIG. 17A and the
transversal edges 270 are depicted in isolation in FIG. 17B.

Referring collectively to FIGS. 12, 18 A and 18B, the angle
filtering function 306 can classify the transversal edges 370 as
usable edges 272 and unusable edges 274 by using the cen-
terline 350, as described above. It is noted that the unusable
edges 274 of the transversal edges 370 can correspond to
diagonal beams traversing the skylights 344. Accordingly, the
angle filtering function 306 can be utilized to remove features
associated with diagonal beams or other obstructions. It is
noted that, for clarity, the transversal edges 370 are depicted
as being overlaid upon the skylights 344 in FIG. 18A and the
transversal edges 370 are depicted in isolation in FIG. 18B.

Referring collectively to FIGS. 12 and 19, the point fix
function 40 can comprise the intersection function 308 for
determining points of convergence between the transversal
edges 270 and the first edge line 246, the transversal edges
270 and the second edge line 248, or both. In embodiments
where the transversal edges 270 are classified as usable edges
272, the transversal edges 270 that are classified as usable
edges 272 can be utilized to determine points of convergence.
The points of convergence can be determined by extrapolat-
ing the transversal edges 270. Specifically, the transversal
edges 270 can be extrapolated by extending each of the trans-
versal edges 270 along their length at least until the extrapo-
lation intersects with the first edge line 246, the second edge
line 248 or both the first edge line 246 and the second edge
line 248. Optionally, the first edge line 246 and the second
edge line 248 can be extrapolated to determine the points of
intersection. Each of the points of convergence can be
selected as a point fix 280.
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Referring collectively to FIGS. 12, 17A, 17B and 19, the
point fix function 40 can comprise the length filtering func-
tion 310 for filtering the transversal edges based upon a length
ratio. The length filtering function 310 can be utilized to
remove the transversal edges 270 that do not cross a panel of
the skylights 244 to a desired extent. For example, each trans-
versal edge 270 can be compared to corresponding points of
convergence, i.e., the points of convergence that were deter-
mined from the transversal edge 270. Specifically, any trans-
versal edges 270 with a length ratio below a threshold level
may be removed, where the length ratio is given by the ratio
of length (transversal edge):length (span between points of
convergence). Accordingly, the point fixes 280 can be
selected from the points of convergence of the remaining
transversal edges 270, i.e., the transversal edges 270 that were
not removed. It is noted that the length filtering function 310
was utilized to ensure that none of the point fixes 280 was
selected from the short edges 276, i.e., the transversal edges
270 classified as short edges 276 were removed from consid-
eration for point fixes 280.

The point fix function 40 can comprise a feature reporting
function 312 for reporting the extracted features to the EBL.
Specifically, the feature reporting function 312 can report the
centerline 250 and the point fixes 280 to the EBL for use for
navigation. Specifically, the EBL can compare the centerline
250 and the point fixes 280 to corresponding features in a map
for navigational purposes. Additionally, for each reported
point pair (i.e., derived from the one of the transversal edges
270) of the point fixes 280, a flag could be added denoting
whether the point fix 280 sits on a transition of dark (between
panels of the skylights 244) to bright (panels of the skylights
244) pixels or bright to dark pixels. The flag can be utilized to
increase the accuracy of the EBL and reduce the chance of
aliasing between an adjacent pair of points. The flag labeling
of dark-to-bright versus bright-to-dark transitions could be
achieved by scanning along the centerline 250 and averaging
a set of points on either side of each point fix 280 to detect
whether it is a dark or bright patch.

Referring collectively to FIGS. 1 and 19, the skylights 116
may be separated by structural objects of the warechouse 110
having a finite depth such as, for example, cross beams
between the skylights 116. Accordingly, the structural objects
may occlude the true corners 130 of the skylights 116, i.e., the
structural object may be located between the camera 102 and
the skylight 116. In some embodiments, it may be preferred
for the EBL to use the point fixes 280 for which the camera
102 has direct line of sight. Thus, the EBL can utilize point
fixes 280 and associated flags to determine whether it is likely
that the point fix 280 corresponds to a corner 130 of a skylight
116 or is occluded.

It should now be understood that embodiments described
herein can be utilized to navigate the industrial vehicle
through the warehouse utilizing the centerline and a set of
point fixes. Moreover, the embodiments described herein can
have particular utility in buildings, e.g., warehouses that are
round light sparse or lighted primarily by skylights and natu-
ral sources of illumination. Accordingly, the point fixes and
centerlines described herein can be utilized to increase the
environmental efficiency of a warehouse. For example, dur-
ing day light hours the use of electricity can be reduced
because the industrial vehicles described herein can be navi-
gated through the use of naturally illuminated skylights.
Moreover, the embodiments described herein can increase the
accuracy and computational efficiency of the EBL through
the use of centerlines and point fixes. Accordingly, the EBL
can operate more rapidly given a fixed amount of computing
power. Moreover, the increased accuracy of the EBL can
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reduce the environmental costs of operating a warehouse with
industrial vehicles, i.e., mileage caused by localization error
can be mitigated, which can reduce the power consumed by
the industrial vehicle and the maintenance costs of the indus-
trial vehicle.

It is noted that the terms “substantially” and “about” may
be utilized herein to represent the inherent degree of uncer-
tainty that may be attributed to any quantitative comparison,
value, measurement, or other representation. These terms are
also utilized herein to represent the degree by which a quan-
titative representation may vary from a stated reference with-
out resulting in a change in the basic function of the subject
matter at issue.

While particular embodiments have been illustrated and
described herein, it should be understood that various other
changes and modifications may be made without departing
from the spirit and scope of the claimed subject matter. More-
over, although various aspects of the claimed subject matter
have been described herein, such aspects need not be utilized
in combination. It is therefore intended that the appended
claims cover all such changes and modifications that are
within the scope of the claimed subject matter.

What is claimed is:

1. An industrial vehicle comprising a camera and one or
more processors, wherein:

the camera is communicatively coupled to the one or more

processors;

the camera is mounted to the industrial vehicle and focused

to a ceiling of a warehouse;

the camera captures an input image of ceiling lights of the

ceiling of the warehouse;

the one or more processors execute machine readable

instructions to:

provide a first edge line and a second edge line of the
ceiling lights of the input image;

provide a centerline of the ceiling lights of the input
image, wherein the centerline is disposed between the
first edge line and the second edge line of the ceiling
lights;

detect transversal edges from the ceiling lights of the
input image;

determine points of convergence between the transver-
sal edges and the first edge line and the second edge
line;

select a set of point fixes from the points of convergence;
and

navigate the industrial vehicle through the warchouse
utilizing the centerline and the set of point fixes.

2. The industrial vehicle of claim 1, wherein the one or
more processors execute the machine readable instructions
to:

set a region of interest that is coincident with a usable

portion of the ceiling lights, wherein the transversal
edges are detected from the usable portion of the ceiling
lights.

3. The industrial vehicle of claim 2, wherein the region of
interest is a bounding box that is axis aligned with the cen-
terline.

4. The industrial vehicle of claim 3, wherein:

the first edge line and the second edge line are line seg-

ments demarcated by end points; and

the region of interest is demarcated by one or more of the

end points of the first edge line and the second edge line.

5. The industrial vehicle of claim 3, wherein:

the centerline is demarcated by end points; and

the one or more processors execute the machine readable

instructions to project the end points of the centerline
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upon the first edge line and the second edge line to create
intersection points, and wherein the region of interest is
demarcated by one or more of the intersection points.

6. The industrial vehicle of claim 2, wherein:

the first edge line and the second edge line overlap to define

an overlapping portion; and

the region of interest is demarcated by the overlapping

portion of the first edge line and the second edge line.

7. The industrial vehicle of claim 2, wherein:

the first edge line and the second edge line converge at a

vanishing point;

the first edge line and the second edge line are line seg-

ments demarcated by end points; and

the region of interest is determined utilizing the vanishing

point.

8. The industrial vehicle of claim 1, wherein the transversal
edges are detected using a Hough transform.

9. The industrial vehicle of claim 1, wherein the one or
more processors execute the machine readable instructions
to:

determine an average angle of the transversal edges; and

remove unusable edges from the transversal edges that are

outside of a restricted range of angles on either side of
the average angle of the transversal edges, whereby
usable edges of the transversal edges remain, and
wherein the set of point fixes are selected from the usable
edges of the transversal edges.

10. The industrial vehicle of claim 1, wherein the points of
convergence are determined by extrapolating the transversal
edges.

11. The industrial vehicle of claim 10, wherein the points of
convergence are determined by extrapolating the first edge
line, the second edge line, or both.

12. The industrial vehicle of claim 10, wherein:

the set of point fixes are selected from the transversal edges

having a length ratio above threshold level; and

the length ratio is given by a ratio of a length of each of the

transversal edges to a length of a span between corre-
sponding points of convergence.

13. The industrial vehicle of claim 1, wherein the one or
more processors execute the machine readable instructions
to:

label a point fix of the set of point fixes as corresponding to

a transition of dark-to-bright or bright-to-dark in the
input image.

14. A method for navigating an industrial vehicle compris-
ing:

capturing an input image of skylights of a ceiling of a

warehouse, wherein the input image is captured with a
camera coupled to an industrial vehicle;

extracting a first edge line and a second edge line from the

skylights of the input image;

determining a centerline of the skylights from the firstedge

line and the second edge line of the skylights, wherein
the centerline is disposed between the first edge line and
the second edge line of the skylights;

detecting transversal edges from the skylights of the input

image;

determining points of convergence between the transversal

edges and the first edge line and the second edge line of
the skylights;

selecting a set of point fixes from the points of conver-

gence;

determining a pose of the industrial vehicle, a position of

the industrial vehicle, or both based upon the centerline
and the set of point fixes; and
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navigating the industrial vehicle through the warehouse

utilizing the pose, the position, or both.

15. The method of claim 14, further comprising:

extracting raw feature contours from the skylights of the

input image;

determining a convex hull from the skylights of the input

image, wherein the convex hull comprises hull line seg-
ments;

generating a mask from the hull line segments of the con-

vex hull; and

selecting a selected portion from the raw feature contours,

wherein the selected portion of the raw feature contours
is coincident with the mask, and wherein the first edge
line and the second edge line are extracted from the
selected portion of the raw feature contours.

16. The method of claim 14, wherein extracting the first
edge line and the second edge line from the skylights of the
input image further comprising:

extracting line segments from the skylights of the input

image;

selecting the first edge line from the line segments;

weighting the line segments based at least in part upon

overlap with the first edge line; and
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selecting the second edge line from the line segments based
upon the weighting of the line segments.

17. The method of claim 14, further comprising:

setting a region of interest that is coincident with a usable
portion of the skylights, wherein the transversal edges
are detected from the usable portion of the skylights.

18. The method of claim 17, further comprising using the

centerline as a reference to set the region of interest.

19. The method of claim 14, further comprising:

determining an average angle of the transversal edges; and

removing unusable edges from the transversal edges that
are outside of a restricted range of angles on either side
of the average angle of the transversal edges, whereby
usable edges of the transversal edges remain, and
wherein the set of point fixes are selected from the usable
edges of the transversal edges.

20. The method of claim 14, further comprising:

labeling a point fix of the set of point fixes as corresponding
to a transition of dark-to-bright or bright-to-dark in the
input image.



